G protein-coupled receptors (GPCRs) represent a large receptor family involved in a broad spectrum of cell signaling. To understand signaling mechanisms mediated by GPCRs in Phytophthora sojae, we identified and characterized the PsGPR11 gene, which encodes a putative seven-transmembrane GPCR. An expression analysis revealed that PsGPR11 was differentially expressed during asexual development. The highest expression level occurred in zoospores and was upregulated during early infection. PsGPR11-deficienct transformants were obtained by gene silencing strategies. Silenced transformants exhibited no differences in hyphal growth or morphology, sporangium production or size, or mating behavior. However, the release of zoospores from sporangia was severely impaired in the silenced transformants, and about 50% of the sporangia did not completely release their zoospores. Zoospore encystment and germination were also impaired, and zoospores of the transformants lost their pathogenicity to soybean. In addition, no interaction was observed between PsGPR11 and PsGPA1 with a conventional yeast two-hybrid assay, and the transcriptional levels of some genes which were identified as being negatively regulated by PsGPA1 were not clearly altered in PsGPR11-silenced mutants. These results suggest that PsGPR11-mediated signaling controls P. sojae zoospore development and virulence through the pathways independent of G protein.
All living organisms are exposed to the environment and respond to signals with appropriate cellular responses that are crucial for survival. Heterotrimeric G protein signaling is an evolutionarily conserved signal perception/processing system composed of three basic components: a seven-transmembrane (TM)-spanning G protein-coupled receptor (GPCR); a G protein heterotrimer consisting of ␣, ␤, and ␥ subunits; and effectors (29, 37) . Ligands binding to the GPCR stimulate the exchange of GTP for GDP on the G␣ subunit and the dissociation of the G␣ and G␤␥ dimer, which regulates downstream effector proteins in various systems, including ion channels, adenylyl cyclases, phosphodiesterases, and phospholipases (27, 36) . GPCRs represent the largest family of plasma membranelocalized protein receptors and transmit a variety of environmental signals into the intracellular heterotrimeric G proteins (29, 52) . Despite exhibiting striking diversity in primary sequence and biological function, all GPCRs possess a conserved fundamental architecture consisting of seven-transmembrane domains and share a mechanism of signal transduction.
The GPCR family is one of the largest receptor groups in most mammalian genomes. GPCRs are signal mediators that play a prominent role in most major physiological processes at both the central and the peripheral levels (21, 42) . At present, only a few GPCRs have been identified in fungal genomes: three and four GPCRs in Saccharomyces cerevisiae and Schizosaccharomyces pombe, respectively (2, 27), 10 receptors in Neurospora crassa (14) , nine in Aspergillus nidulans (16) , and more than 60 in Magnaporthe grisea and Cryptococcus neoformans (23, 31) . Fungal GPCRs can be grouped into five classes based on sequence homology and ligand sensing: classes I and II include GPCRs similar to the Ste2/3 pheromone receptors, class III includes glucose sensor Gpr1 homologs, class IV includes nutrient sensor Stm1-like proteins, and class V includes homologs of the cyclic AMP (cAMP) receptors in Dictyostelium discoideum (52) . In fungi, two signaling branches defined by cAMP-dependent protein kinase (PKA) signal pathways and mitogen-activated protein kinase cascades act downstream to relay G protein signaling and elicit cellular responses, including pheromones or nutrients (e.g., glucose or nitrogen starvation) (16, 32, 43, 51) ; cell growth (28) ; mating (22) ; cell division, cell-cell fusion, and morphogenesis (32, 35) ; and chemotaxis (27) . Moreover, some pathogenic fungi rely on external stimuli to recognize their hosts (5, 10, 29, 49, 52) .
The genus Phytophthora includes many plant pathogens that cause destructive diseases in a wide range of agriculturally and ornamentally important plants, resulting in multibillion-dollar cash crop losses worldwide (12, 48) . For example, Phytophthora sojae (syn. Phytophthora megasperma f. sp. glycinea) is a devastating pathogen that causes losses of $1 to 2 billion per year worldwide by damping off seedlings and causing root rot in older plants (44) . The disease is a serious problem in soybeanproducing areas. Phytophthora ramorum is responsible for the disease sudden oak death and has destroyed many oak trees along the western coast of the United States (41) . Despite its great economic importance, the basic biology of Phytophthora is still poorly understood, which limits the development of novel strategies for controlling the diseases that it causes.
Like all Phytophthora species, P. sojae produces sporangia, zoospores, and chlamydospores. Sporangia can germinate directly to produce hyphae or indirectly to produce 10 to 30 zoospores. Indirect germination involves differentiation of the sporangial cytoplasm, resulting in the formation of zoospores that are released through the sporangial apex. Zoospores are aquatic, lack a cell wall, and exhibit an ␣-helical swimming pattern. Moreover, zoospores are generally short lived (hours) and quickly differentiate to form adhesive cysts that germinate to produce hyphae or secondary zoospores (12, 44) . P. sojae zoospores swim chemotactically toward compounds released by the roots of their host plants (47) . Investigations into the molecular processes that underlie these events have shown that heterotrimeric G protein-mediating signaling pathways are of great importance in Phytophthora. For example, in Phytophthora infestans, silencing of the G␣ subunit protein impairs directional swimming, chemotaxis, autoattraction, and zoospore pathogenicity; moreover, the G␤ subunit protein is important for sporangium formation and sporulation (25, 26) . Recently, we found that the P. sojae G␣ subunit protein is involved in zoospore behavior and chemotaxis to soybean isoflavones (18) , but the receptor associated with the heterotrimeric G protein is less well understood. A bioinformatics analysis of the entire P. sojae genome indicated more than 24 GPCRs, of which two have a C-terminal intracellular phosphatidylinositol-4-phosphate 5-kinase domain similar to the Dictyostelium RpkA gene (4) .
The recent completion of P. sojae genome sequencing and the development of effective molecular genetic tools such as gene transformation and gene silencing offer new opportunities for examining the genetic basis of P. sojae biology, physiology, and pathogenicity (24) . To better understand G protein signaling mechanisms that govern zoospore development and behavior in P. sojae, we characterized one of the putative GPCRs, PsGPR11, which is highly expressed in zoospores and induced upon early infection. Then we evaluated the role of PsGPR11 in asexual development, chemotaxis to the isoflavone daidzein, and soybean virulence by means of stable transformation-mediated gene silencing approaches.
MATERIALS AND METHODS
P. sojae strains and culture conditions. P. sojae strain P6497 and all transgenic lines in this study were routinely grown on 10% V8 medium at 25°C in the dark as described by Erwin and Ribiero (12) . We collected the asexual samples such as vegetative hyphae, sporulating hyphae, zoospores, cyst, and germinated cysts as described by Hua et al. (18) ; immediately froze them in liquid N 2 ; and then ground them for RNA extraction.
DNA and RNA manipulation of P. sojae. Genomic DNA (gDNA) of P. sojae strain P6497 and the putative transformants was isolated from hyphae grown in 10% V8 liquid medium following the partially modified protocol described by Tyler et al. (45) .
Total RNA was isolated using the NucleoSpin RNA II RNA extraction kit (Macherey-Nagel) following the procedures described by the manufacturer.
To clone PsGPR11, gDNA of mycelia and cDNA of zoospores from the P. sojae strain P6497 were used as templates in PCRs with the primers PsGPR11F1 (5Ј-ATGGAGTTCTGGCCGCTGGGAG-3Ј) and PsGPR11R1 (5Ј-CTACAAC TTCCAACCGCGCGAC-3Ј) The PCR was performed with 30 cycles of 30 s at 94°C, 30 s at 55°C, and 90 s at 72°C. The PCR products were cloned in pMD18-T vectors and sequenced.
To investigate the expression level and silencing efficiency of PsGPR11 and some downstream candidates which were identified by Hua et al. (18) , semiquantitative reverse transcription-PCR (RT-PCR) was performed by the following steps: first-strand cDNA was synthesized from total RNA (2 g) using Moloney murine leukemia virus (M-MLV) reverse transcriptase (RNase-free; Invitrogen) and oligo(dT) 18 primer (Invitrogen) in a 20-l reaction mixture; the PCR material for PsGPR11 was amplified from the cDNA templates (1 l) with the primers PsGPR11F2 and PsGPR11R2 under the following conditions: 94°C for 1 min followed by 33 cycles of 94°C for 30 s, 52°C for 30 s, and 72°C for 30 s and a final extension of 72°C for 10 min. The P. sojae Act (actin A) gene was used as reference, and PCR conditions were 94°C for 1 min followed by 24 cycles of 94°C for 30 s, 59°C for 30 s, and 72°C for 30 s and a final extension of 72°C for 10 min with the primers ActF and ActR, using the same templates as those for PsGPR11. The complete removal of all DNA was validated in a PCR under the same conditions as those used for the RT-PCR, except that the cDNA synthesis step at 37°C was omitted. The primers used in the reactions are listed in Table  S1 in the supplemental material. All RT-PCRs were performed at least three times.
Sequence analysis. The transmembrane domain was predicted on DAS (http: //www.sbc.su.se/%7Emiklos/DAS/) (9), Conpred II (http://bioinfo.si.hirosaki-u .ac.jp/ϳConPred2/) (1), and TMHMM (http://www.cbs.dtu.dk/services /TMHMM/) (8) . The orthologs of PsGPR11 in P. ramorum and Phytophthora capsici (http://www.jgi.doe.gov/) and P. infestans (http://www.broad.mit.edu/) were identified using the TBALST algorithm. The multiple alignments were performed using EBI Clustal W2 and default parameters.
Plasmid construction and P. sojae transformation. The full-length open reading frame (ORF) of PsGPR11 was amplified with PrimeStar polymerase (TaKaRa) from PsGPR11-pMD18. This fragment was ligated in antisense orientation into the pHAM34 vector digested by SmaI and sequenced to confirm the accuracy of the whole open reading frame. This resulted in the plasmid pGPR11.
We transformed P. sojae by a polyethylene glycol (PEG)-mediated protoplast transformation strategy (11, 18, 34 ) with a 1:3 combination of the selection plasmid pHspNpt consisting of the hsp70 promoter of Bremia lactucae fused to the nptII coding sequence and the ham34 terminator of B. lactucae (19) and the target plasmids, including the antisense construct of PsGPR11.
Putative PsGPR11-silenced transformants were screened by the following steps. First, genomic PCR screening of all transformants and wild-type (WT) strains was performed with oligonucleotides HMF (5Ј-TTCTCCTTTTCACTCT CACG-3Ј) and HMR (5Ј-AGACACAAAATCTGCAACTTC-3Ј). Next, RT-PCR was performed on RNA extracted from each line using oligonucleotides PsGPR11F2 and PsGPR11R2 to evaluate the efficiency of silencing.
Analysis of zoospore behavior and chemotaxis.
To analyze the germination of zoospores, tubes containing a 300-l zoospore suspension were vortexed for 90 s to induce encystment. Germination was measured by strongly shaking the tubes followed by transferring drops of cyst suspension to glass plates and incubating them in 5% V8 liquid with 90% humidity at 25°C for 2, 4, or 6 h. At least 100 cysts were examined for each treatment, and all treatments were replicated three times. To access zoospore encystment, equal volumes (50 l) of zoospore suspension were pipetted onto glass plates and incubated at 25°C with 90% humidity. After 2 h, the number of encysted zoospores was counted under a microscope.
Chemotaxis assays were performed according to the methods of Hua et al. (18) by dropping a zoospore suspension with 0.5 l agarose containing 30 M daidzein (an isoflavone) or 25 M glutamic acid.
To observe the sporangial development, P. sojae strain P6497 and the PsGPR11-silenced transformant hyphal plugs were inoculated in 20 ml sterile clarified 10% V8 juice in 90-mm petri dishes. After 3 days of stationary culture, sporangia were prepared by repeatedly washing 3-day-old hyphae incubated in 10% V8 broth with sterile distilled water (SDW) and incubating the hyphae in the dark at 25°C for 8 h until sporangia developed on most of the hyphae; then the plates were incubated at 15°C for 0.5 h followed by transfer to 25°C for at least 2 h to allow release of zoospores.
Virulence assay. For infection assays, detached soybean leaves of Williams, a cultivar that is susceptible to P. sojae strain P6497, were placed in petri dishes. Each leaflet was inoculated on the abaxial side with a 5-mm hyphal plug or with a 30-l droplet of zoospore suspension containing 1,000 zoospores. The leaves were incubated in a climate room at 25°C under 90% humidity. Pictures of the lesions were taken at 3 and 6 days postinoculation (dpi). Leaves inoculated for 2, 4, or 12 h were soaked in 0.5% Coomassie brilliant blue for 2 min, destained with alcohol, and washed with SDW three to five times. The infected leaves were examined under a microscope.
Protein-protein interaction assays using the yeast two-hybrid assay. Yeast two-hybrid interaction assays were performed as described previously (38) . cDNAs of the PsGPR11 second and third cytoplasmic loops and C-terminal VOL. 9, 2010 FUNCTIONAL CHARACTERIZATIONS OF GPR11 IN P. SOJAE 243 cytoplasmic tail were cloned into the bait vector pGBKT7 and the prey vector, respectively. The full-length PsGPA1 cDNA was cloned into plasmid pGADT7. All inserted cDNA sequences were confirmed by sequencing. Both bait constructs and prey constructs were cotransformed into yeast strain AH109 and grown on Leu Ϫ Trp Ϫ medium containing 2% agar at 30°C for 4 to 5 days. The clones were further grown on Leu Ϫ Trp Ϫ Ade Ϫ His Ϫ medium containing 2% agar at 30°C for 3 to 4 days to test interaction. Positive interactions were further confirmed by ␤-galactosidase enzyme activity assays as described by the protocol.
Nucleotide sequence accession number. The DNA sequence of PsGPR11 has been submitted to the NCBI (accession number FJ349606).
RESULTS
PsGPR11 encodes a typical seven-transmembrane-spanning protein. Twenty-four GPR genes have been bioinformatically identified and analyzed in P. sojae (4) . Based on our unpublished P. sojae transcriptional landscape defined by RNA sequencing approaches, we found that PsGPR11 was the only member in the GPCR family that was highly upregulated in zoospores and cysts. Further reverse transcription-PCR (RT-PCR) analysis revealed that the PsGPR11 open reading frame contained 1,044 nucleotides without an intron, resulting in a protein with 347 amino acids (see Fig. S1 in the supplemental material). Seven possible transmembrane regions were predicted for a plasma membrane protein by using hydrophobicity algorithms from the Conpred II, DAS, and TMHMM software programs (data not shown). These structural features suggested that PsGPR11 was a candidate GPCR. There were no characterized homologous hits for PsGPR11 when it was BLASTed in the NCBI database, suggesting that it does not share sequence similarity with known GPCRs. The PsGPR11 orthologs were identified from P. ramorum, P. infestans, and P. capsici and were named PrGPR11, PiGPR11, and PcGPR11, respectively. They were highly conserved through multiple alignments (Fig. 1) . These data strongly suggested that the GPR11s were present and had already diverged from one another in a common ancestor of the Phytophthora lineage.
PsGPR11 is differentially expressed in the asexual life cycle and during infection. To determine the expression patterns of PsGPR11, we employed semiquantitative RT-PCR to analyze mRNA accumulation in distinct developmental stages including vegetative hyphae, sporulating hyphae, zoospores, cysts, and germinated cysts and during infection. The highest expression level was found in zoospores; other P. sojae asexual life stages all contained PsGPR11 mRNA, but at a much lower level in vegetative hyphae and germinated cysts ( Fig. 2A) . This result was identical to the expression profiling defined by the RNA-Seq technology. PsGPR11 mRNA was also detectable in various stages of infected leaves at up to 2 h postinoculation, although the highest level was found at 1 h postinoculation (Fig. 2B) . These results showed that PsGPR11 has differential expression patterns during the asexual life cycle and early infection (Fig. 2) .
Silencing of PsGPR11 gene expression in P. sojae. To obtain transformants that lack PsGPR11 expression, we used a gene silencing strategy based on the PEG-mediated protoplast stable transformation of P. sojae. Based on our recently reported P. sojae transformation and gene silencing methods (11, 18, 50) , we cotransformed the construct containing the PsGPR11 coding region in the antisense orientation, which is driven by the constitutive pHam34 promoter with pTH209, which was used as a selection marker carrying Geneticin (19) . To select the PsGPR11-silenced transformants, we initially screened 110 putative transformants that could grow on a selection medium containing 50 g/ml Geneticin (Shanghai Sangon BS723); we screened these putative transformants using genomic PCR with the HMF and HMR primers (see Materials and Methods). Initially, 80 PsGPR11-integrated transformants were obtained (data not shown) because transformants that successfully transformed exogenous PsGPR11 or the ␤-glucuronidase (GUS) reporter gene produced expected products; in contrast, the wild-type strain and transformants that did not contain exogenous PsGPR11 failed to produce the expected products. PsGPR11-integrated transformants were further evaluated for PsGPR11 mRNA accumulation level using semiquantitative RT-PCR. Of 80 candidate transformants, only 3 (T2, T45, and T88) failed to produce the given amplicons when the normal number of PCR cycles was applied with zoospore RNA as the initial template (Fig. 3A) . Genomic PCR analysis also revealed that pGPR11 was introduced in T2, T45, and T88 (Fig. 3B) . These results showed that PsGPR11 expression in the three transformants T2, T45, and T88 was silenced by stable P. sojae transformation. PsGPR11-silenced transformants show aberrant sporangial development and zoospore behavior. Phenotypes of the three silenced transformants were compared with that of the WT strain P6497, and a GUS-expressing transformant (CK) throughout its life cycle. Overall, the PsGPR11-silenced transformants (T2, T45, and T88) showed no difference in growth rate or colony morphology compared to WT and CK. No obvious differences were observed between the silenced transformants and WT and CK in the morphological size of hyphae or sporangia or in sporangium production (Table 1) , suggesting that vegetative development can proceed in the absence of PsGPR11. It has been reported that pheromone sensing is mediated by the GPCR signaling pathway in fungi, and so the PsGPR11-silenced mutants, WT, and CK were cultured on 10% V8 for 10 days, and oospore production was examined microscopically. The results showed that oospores formed normally in the PsGPR11-silenced transformants, WT, and CK (Table 1) , which implied that sexual development was not impaired.
We induced sporangia of WT, CK, and the three PsGPR11-silenced transformants (T2, T45, and T88) to release zoospores by incubating them at 15°C for 30 min followed by a transfer to 25°C. After 2 h, zoospores had completely escaped from about 60% of the WT and CK sporangia (Fig. 4) . In contrast, the release of zoospores from sporangia of the PsGPR11-silenced transformants was less efficient. On average, 2 h after induction of zoospore release, only 11% of the sporangia from the transformants could release the zoospores completely while a majority of the control could; about 35% retained one to five zoospores that failed to escape, and the rest of the sporangia did not release zoospores at all; however, the retained zoospores did not show any obvious alterations, and the morphology of the sporangia was normal (data not shown). After 8 h, more than 50% failed to completely release their zoospores, compared to 4% of WT and CK sporangia that did so (Fig.  4B) . These results suggested that the silencing of PsGPR11 affected the efficiency of zoospore release.
Zoospore behavior was also markedly affected in the PsGPR11-silenced transformants. One of the most striking differences was the time span between zoospore release and encystment. About 80.5 to 82% of the zoospores from the three PsGPR11-silenced transformants (T2, T45, and T88) were encysted within an hour after release from the sporangia, whereas the majority of the WT and CK zoospores swam vigorously and continued swimming for hours before they encysted (Fig. 5) . As in other eukaryotes, chemotactic reception is mediated by GPCRs (7). We tested whether the chemotactic response to isoflavones, which are released by soybean roots, was affected in the zoospores of the PsGPR11-silenced transformants. We found that zoospore chemotaxis under various concentrations of the isoflavone daidzein was not impaired in the silenced transformants (see Fig. S2 in the supplemental material) .
Under optimal conditions, zoospores start to germinate to produce hyphae after the encystment stage. The zoospore germination rate of the PsGPR11-silenced mutants was dramatically reduced. Zoospore suspensions of WT, CK, and the three PsGPR11-silenced mutants were strongly vortexed to stimulate rapid physical encystment, and the cysts were incubated at 25°C. After 2 h, only about 14 to 16% of the cysts from the silenced strains (T2, T45, and T88) germinated to produce germ tubes, whereas almost 50% of the cysts obtained from the WT strain germinated (Fig. 6 ). These results indicated that zoospore behavior, including the time span between zoospore release and encystment and germination of PsGPR11-silenced transformants, was altered.
The virulence of PsGPR11-silenced transformant zoospores is severely impaired. To determine the effect of PsGPR11 deficiency on virulence, we used a zoospore suspension with the same number of effective zoospores preserving germination ability according to cyst germination ratio at 2 h to spotinoculate leaves from the soybean cultivar Williams, which is susceptible to WT. At 3 days dpi there were no disease symptoms on Williams leaflets, and at 6 dpi there was a very small necrosis-like lesion at the inoculation site (Fig. 7A ). In contrast, leaves inoculated with WT and CK zoospores showed typical disease symptoms at 3 dpi, and at 6 dpi the watersoaked lesion had spread through the whole leaf (Fig. 7B ). Leaves were inoculated with hyphal plugs instead of zoospores to investigate whether the aberrant behavior of the PsGPR11-silenced transformant zoospores was the cause of the pathogenicity loss. The results showed no obvious difference in the spread of disease symptoms; the PsGPR11-silenced transformants were as virulent as WT and CK ( Fig. 7A and B) , suggesting that virulence itself was not impaired but, more likely, that preinfection events of zoospores were disturbed in PsGPR11-silenced transformants.
To test whether the mutant zoospores were simply not able to encyst or to germinate, we analyzed the efficiency of germination after inoculation on soybean leaves. Many of the encysted zoospores of wild-type strain P6497 had germinated at 12 h after inoculation, but zoospores of the mutants either were not encysted or had not germinated (Fig. 7C) .
The putative candidate target of PsGPR11. To assess physical interactions between PsGPR11 and PsGPA1, conventional yeast two-hybrid interaction assays were performed with PsGPR11 and PsGPA1. Because PsGPR11is a membrane- a Based on 5 days of growth on 10% V8 medium. b The swimming zoospores were incubated on glass plates at 25°C for 1 h. Numbers of swimming zoospores and encysted zoospores were counted under the microscope, and the ratio of encysted zoospores to the total number of zoospores (swimming and encysted) was calculated.
c Percentage of germinated cysts based on counting a minimum of 100 zoospores from each strain. d Oospore production was determined on 10% V8 medium. e WT, wild-type strain P6497; CK, GUS-expressing transformant; T2, T45, and T88, PsGPR11-silenced transformants. Values represent means Ϯ standard deviations, which were calculated in at least three replicates. Values in the same row followed by different uppercase letters are significantly different at P Ͻ 0.01.
FIG. 4. Aberrant sporangial development of PsGPR11-silenced transformants. (A)
Sporangia from wild-type strain P6497 (WT), the GUSexpressing transformant (CK), and three silenced transformants (T2, T45, and T88) were treated by cold shock (15°C) for 30 min and then inoculated at room temperature (25°C) for 4 h. Pictures were taken under a microscope. Bar, 20 m. (B) Percentages of differential sporangia after cold shock followed by incubation at 25°C for 2, 4, and 8 h. Gray bars, nonreleased sporangia; black bars, completely released sporangia; white bars, partially released sporangia. The total number of sporangia is indicated above each column.
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WANG ET AL. EUKARYOT. CELL bound protein, we made several truncated PrGPR11 constructs by using gene fragments encoding portions of the receptor located in the cytosol, including the second and third cytoplasmic loops (second, positions 98 to 136; third, positions 190 to 211) and the C-terminal cytoplasmic tail (positions 273 to 347). No interaction was observed between any of these fragments of PsGPR11 and PsGPA1 (data not shown).
A previous observation by our group revealed that the silencing of the G protein ␣ subunit PsGPA1 expression caused a defect similar to that of PsGPR11-silenced mutants, except for the chemotaxis to the isoflavones (18) , suggesting that these two may activate the same downstream pathway. Therefore, we analyzed the expression of genes that were identified as being negatively regulated by PsGPA1, such as PsCAM1, PsCMK3, and PsCMK4, in PsGPR11-silenced mutants. In comparing the expression levels in zoospores of the wild-type strain P6497, the PsGPA1-silenced mutants A2 and A27, and the PsGPR11-silenced mutants T2 and T45, we found that the expression of PsCAM1, PsCMK3, PsCMK4, PsGPA1, and PsGPB1 in the PsGPR11-silenced mutants was similar to that of P6497; however, the expression of PsCAM1, PsCMK3, and PsCMK4 was clearly upregulated in the two PsGPA1-silenced mutants (Fig. 8) .
DISCUSSION
We have shown that P. sojae possesses a signaling pathway possibly mediated by PsGPR11 that controls multiple physiological and developmental processes of zoospores and is indispensable for zoospore virulence. Silencing of PsGPR11 severely affects zoospore release from sporangia, time span between zoospore release and encystment, and germination of cysts, as well as zoospore virulence.
PsGPR11 belongs to a GPCR family. The GPCR family represents the largest and most diverse group of membranebound proteins. While GPCRs respond to a vast array of ligands, a typical GPCR contains a conserved structure of seventransmembrane-spanning (or heptahelical) domains. GPCRs form one of the largest protein families in animal genomes (13, 15, 20) . Mining the sequenced Phytophthora genomes revealed that P. sojae harbors a large number of GPCRs (4, 46) . In addition, Phytophthora contains novel phosphatidylinositol phosphate kinases with a GPCR signature, which are homologous to RpkA in Dictyostelium and play a crucial role in cell density sensing (3) . So far, little is known about the mechanism underlying GPCR-mediated signaling in Phytophthora. PsGPR11 is a potential GPCR in P. sojae. Using three different TM topological prediction software programs, we predicted that PsGPR11 would possess a seven-transmembrane domain. Although a BLAST search failed to find a known GPCR, very highly similar homologs were found in sequenced Phytophthora genomes, indicating that PsGPR11 might represent a novel GPCR.
Effects of PsGPR11 deficiency on zoospore development and virulence. Zoospores play a central role in infection and Phytophthora disease epidemics. Studies have shown that G protein signaling is very important in the zoospore stage. RNASeq technology and RT-PCR revealed that the highest PsGPR11 expression level was in the zoospore and cyst developmental stages, which suggests a primary function for PsGPR11 in zoospores. We expected that silencing of the gene would severely affect zoospore developmental processes, including efficiency of zoospore release from sporangia, time span between release and encystment, cyst germination, and zoospore virulence. All of the PsGPR11-silenced mutants had FIG. 6 . Cyst germination of PsGPR11-silenced mutants was reduced. (A) Zoospores from wild-type strain P6497 (WT), a GUSexpressing transformant (CK), and three PsGPR11-silenced mutants (T2, T45, and T88) were encysted by being vortexed for 90 s, and cysts were incubated in clarified 5% V8 liquid medium at 25°C. Microscopic pictures were taken 2 h after inoculation. (B) The numbers of germinated cysts and nongerminated cysts were counted under the microscope at 2 h. The ratio of germinated cysts to the total cysts (germinated and nongerminated) was calculated. Statistics were based on a two-tailed t test. Significant differences were at a level of P Ͻ 0.01. FIG. 5. Zoospore encystment rates. Swimming zoospores from wild-type strain P6497 (WT), the GUS-expressing transformant (CK), and three PsGPR11-silenced mutants (T2, T45, and T88) were incubated on glass plates at 25°C for 1 h. The numbers of swimming zoospores and encysted zoospores were counted under the microscope, and the ratio of encysted zoospores to the total zoospores (swimming and encysted) was calculated.
VOL. 9, 2010 FUNCTIONAL CHARACTERIZATIONS OF GPR11 IN P. SOJAE 247 severely affected virulence mediated by zoospores, but not the mycelial plug, which indicates that preinfection events of zoospores might be disturbed in the silenced transformants. More studies will be required to determine with certainty how each of the developmental and physiological defects of the PsGPR11-silenced mutants affects virulence. The association between PsGPA1 and PsGPR11. Some phenotypes of PsGPR11-silenced mutants were similar to those of PsGPA1-silenced mutants with quicker encystment and less efficient germination, indicating a convergent function. However, the zoospores of PsGPR11-silenced mutants had no altered chemotaxis to the isoflavone daidzein, which was contrary to our initial expectations. In a conventional yeast twohybrid assay, no interactions were observed between PsGPR11 and PsGPA1. The same results were reported in other GPCR and G proteins (30, 39, 51) . To further explore the potential for interactions between PsGPR11 and PsGPA1, the split-ubiquitin system should be used. However, there exists a possibility that no actual interaction occurred between PsGPR11 and PsGPA1.
In other cellular signaling models, cell surface receptors function as dimers or even multimers (40, 42) . It is likely that the association of PsGPR11 with other GPCRs or cell surface receptors contributes to isoflavone chemotaxis, but the receptors for these events are still unknown. At present, there is not enough evidence to demonstrate that PsGPR11 associates or interacts with a heterotrimeric G protein, i.e., PsGPA1. Although many seven-transmembrane proteins have been predicted in Phytophthora genomes, Phytophthora has one G protein ␣ subunit (18, 33) , indicating that there is a single possibility that the seven-transmembrane protein functions in a PsGPA1-dependent or -independent manner. In our study, from results of the conventional yeast two-hybrid assay and RT-PCR analysis of some putative candidates, it is likely that PsGPR11 may regulate downstream events independently of the G protein. G protein-independent responses mediated by the seven-transmembrane receptor have also been observed. FIG. 7 . Virulence assay for PsGPR11-silenced mutants. (A) Leaflets of 10-day-old soybean plants (cultivar Williams) were inoculated with equal numbers of zoospores in suspension (1,000 zoospores) from P6497 (WT), the GUS-expressing transformant (CK), and three silenced mutants (T2, T45, and T88) at 25°C. Top and bottom panels show the same leaves, except that the bottom panels show leaves after destaining in alcohol. (B) Leaves of 10-day-old soybean plants (cultivar Williams) were inoculated with hyphal plugs from P6497 (WT), the GUS-expressing transformant (CK), and three silenced mutants (T2, T45, and T88). Pictures were taken at 6 dpi. (C) Detailed pictures of germinated cysts on soybean leaves that were inoculated with zoospores and incubated at 25°C for 12 h. The leaves were then put into ethanol to destain the chlorophyll and subsequently into 0.5% Coomassie brilliant blue for 2 min. After the leaves were washed in water for 10 min, the pictures were taken.
FIG. 8. Putative downstream targets of PsGPR11
. Expression of G proteins and genes encoding putative downstream targets of the G␣ subunit in zoospores of the wild-type strain P6497 (WT), the GUSexpressing transformant (CK), the PsGPA1-silenced mutants A2 and A27, and PsGPR11-silenced mutants T2 and T45 is shown. RT-PCR products were visualized on ethidium bromide-stained gels, and their sizes are indicated on the right.
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WANG ET AL. EUKARYOT. CELL For example, metabotropic glutamate receptors (mGluRs) regulated responses in a G protein-independent manner in mammals (6, 17) , and several cAMP receptor pathways in Dictyostelium have been identified as being G protein independent (6). Our study has identified a putative GPCR, PsGPR11, that contains seven transmembrane domains. The PsGPR11-silenced mutants that we generated can be exploited to find downstream effectors of PsGPR11. Demonstrating whether there is a direct interaction between PsGPR11 and PsGPA1 will help researchers understand the signaling pathways of the heterotrimeric G protein in Phytophthora. In addition, elucidating other GPCRs that may or may not depend on G protein function will help identify the network of G protein signaling pathways that underlie the development and pathogenicity of Phytophthora pathogens.
